An enzyme-linked immunosorbent assay (ELISA) was developed using a recombinant protein corresponding to the N'-terminal hydrophilic region of transmembrane glycoprotein (TM) of ovine lentivirus. This assay reproducibly detected antibodies in sera from 207 of 212 ovine progressive pneumonia (OPP) virusinfected sheep, and the recombinant TM ELISA accurately identified 26% (35 vs. 9) more seropositive samples than did the agar gel immunodiffusion test when applied to 100 sera from an infected flock. This assay also yielded no false-positive results in 14 true negative sera. Results of these experiments were further confirmed by the recombinant TM and recombinant p25 Western blot assay. A single recombinant TM antigen, as the coating antigen in ELISA, can be used successfully for the detection of OPP virus-infected animals and can improve the sensitivity and specificity for OPP diagnosis.
Ovine progressive pneumonia (OPP) is caused by a retrovirus of the Lentivirinae subfamily. 8 This disease is characterized by a long latent period, with an insidious onset and a slowly progressive clinical course. 5, 13 Horizontal transmission through colostrum and milk is the most important route of spreading the disease. 6, 7 Ovine progressive pneumonia has been reported in North America, Europe, Africa, and Asia. Several techniques have been used for OPP serodiagnosis, including agar gel immunodiffusion (AGID), whole virus enzyme-linked immunosorbent assay (ELISA), and Western blot assay. 4, 12, 18 All of these tests require viral antigen, which is produced in inefficient and time-consuming tissue culture systems. Consequently, these tests are either expensive, insensitive, or unsuitable for routine clinical laboratory use. In human AIDS lentivirus, the transmembrane glycoprotein (TM) portion of the envelope viral protein has been identified as the antigen most consistently recognized by antibodies. 1, 16 Recombinant polypeptides representing regions of the TM and synthetic oligopeptides corresponding to highly antigenic segments of the TM have been used for serodiagnosis of the human AIDS viral infections. 3, 10, 18, 20, 22 The successful development of sensitive diagnostic methods for human AIDS lentiviruses stimulated the search for a reliable, sensitive, and accountable ELISA for OPP diagnosis. The sequence encoding the TM of visna virus strain 1514 was expressed with glutathione-S-transferase (GST) as a fusion protein (GST-TM) in Escherichia coli. 14 The purified GST-TM protein was immobilized in individual wells of an ELISA plate. This article describes the development of an ELISA assay for OPP diagnosis by using recombinant GST-TM protein and compares its performance with that of the AGID test.
Materials and methods
Agar gel immunodiffusion test. The AGID test was carried out with a commercially available test kit. a Recombinant OPP antigen. Nucleotides 8186-8467 of the ovine lentivirus (OLV) DNA 1514 strain, encoding for the N'-terminal hydrophilic region of TM, were amplified through polymerase chain reaction (PCR) techniques. The amplified PCR products were inserted into the pGex2T expression vector. The construction, production, and characterization of GST-TM fusion protein have been described in detail elsewhere. 14 For purification of GST-TM protein, the bacterial cell pellet was suspended in 50 mM Tris-HCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA) 0.3 M NaCl, 1 mg/ml lysozyme, and 0.5% nonidet P40. The bacterial cells were sonicated and centrifuged at 15,000 x g for 10 min. The protein was then extracted from the pellet sequentially with 1 M, 6 M, and 8 M urea (all in 25 mM Tris, 10 mM EDTA) and sodium dodecyl sulfate (SDS) buffer (1.5% SDS, 50 mM dithiothreitol). Protein at each step of this purification was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and visualized by staining with Coomassie brilliant blue ( Fig.  1 ). Most of the GST-TM was recovered in the SDS buffer extraction step. The SDS buffer extraction was then subjected to PAGE analysis. The GST-TM protein band was excised and eluted from the gel slice.
ELISA procedure. Microtiter plates b were coated with 120 ng/100 µl/well recombinant TM in 0.1 M sodium bicarbonate buffer (pH 9.6). The plates were incubated at 37 C for 3 hr and were refrigerated until further use. The plates were then washed 3 times in ELISA washing solution (0.15 M NaCl, 0.05% Tween 20), and excess binding sites were saturated with 100 µ1 of 1% bovine serum albumin (BSA) in phosphate-buffered saline (pH 7.2, 0.15 M) for 1 hr at 37 C. After 3 washings, 100 µ1 diluted test serum (1:50 dilution) in 1% BSA buffer was added to each well, and plates were incubated at 37 C for 1 hr. Following subsequent washing of the wells, 100 µ1 of anti-sheep immunoglobulins conjugated with horseradish peroxidase c was added to each well, and plates were incubated at 37 C for 1 hr. Wells were washed again, and 100 µ1 of substrate solution (citric acid, 2,2'-azinobis, 3-ethyl bensthiazoline sulfonic acid, H 2 O 2 ) was added. The color reaction was allowed to proceed at room temperature for 30 min, and the absorbance of each well at 405 nm was recorded in an automatic ELISA plate reader. d Serum samples. A total of 326 sheep sera were included in this study. Of these 326 animals, 212 had been diagnosed previously as OPP positive by AGID test (group A). These sheep were of various breeds, ages, and geographic locations within the midwestern and western USA. One hundred serum specimens were from approximately 2-yr-old crossbred Finn sheep (group B). These sheep had been raised together under intensive total confinement at the US Meat Animal Research Center. Sheep from this flock had previously been diagnosed with OPP. Fourteen sheep sera were from the-National Animal Disease Center's experimental OPP-negative flock (group C). This true OPP-negative flock of Border Leicester and Columbia sheep has been free of OPP for at least the past 10 yr and has been continuously serologically and clinically monitored for evidence of the OPP virus infection.
The sera from groups A and C animals were employed as positive and negative controls, respectively, and used to determine the relative specificity and sensitivity of the ELISA test. Sera from group B animals were used to compare the sensitivity and specificity of the recombinant GST-TM ELISA and AGID tests.
SDS-PAGE and Western blot assay. These procedures were performed using the standard protocols. 2, 15 Data analysis. Statistical analysis was done using a statistical software package. e The Shapiro-Wilk W statistic was calculated to access normality of ELISA optical density (OD) value distributions. 17 The split-sample reliability coefficient was determined to assess the degree of stability of OD measurements when sample testing was repeated under identical conditions. 9
Results
Development of ELISA for OPP using GST-TM fusion protein. Gel purified GST-TM was diluted in ELISA coating buffer and used as coating antigen in microtiter plates. Group A (212 OPP AGID-positive) and group C (14 OPP true-negative) sera were tested in the GST-TM ELISA. All sera were screened at a dilution of 1:50. Of 212 group A sera, 207 (97.6%) reacted positively in the GST-TM ELISA. The 14 negative-control sera all tested negative. Results were confirmed by GST-TM Western blot assay (Fig. 2a) , and the OD readings for groups A and C sera for GST-TM are listed in Table 1 .
There were 5 serum samples that tested positive in the AGID test but negative in the GST-TM ELISA. All 5 sera were tested on Western blots made from GST-p25 recombinant protein. The p25 is a major core protein of OPP virus. The bacterial expression and antigenic characterization of GST-p25 protein has been described previously. 14 Three of the 5 sera reacted strongly with the GST-p25, the remaining 2 reacted weakly. None of the GST-TM ELISA-negative sera reacted with GST-TM in the Western blot assay (Fig.  2) .
Comparison of the GST-TM ELISA with commercially available AGID test kit. The group B serum
samples were tested for antibodies to OPP by AGID test and ELISA. The TM ELISA was conducted in the same way as for groups A and C serum samples. The AGID test was performed using a commercially available antibody test kit. The TM ELISA detected 35/ 100 (35%) and AGID detected 9/ 100 (9%) seropositive sheep. All AGID-positive sera were also TM ELISA positive. The TM ELISA identified 26% (35 vs. 9) more of the 100 group B sheep as seropositive sheep than did the AGID test.
To further demonstrate that the 26 TM ELISA-positive AGID-negative sera were from truly infected animals, the same sera were tested on a GST-TM Western blot assay. All of the 26 sera reacted positively with 
Statistical analysis. In groups A and C, a total of
226 ovine serum samples were tested for antibodies to OPP virus by the recombinant GST-TM ELISA. The distribution of the ELISA OD values is shown in Fig.  3 . The 14 true OPP-negative reference sera (group C) had normally distributed OD values (Shapiro-Wilk W statistic = 0.964; P = 0.743) ranging from 0.022 to 0.184, with a mean OD value of 0.0883 ± 0.0423 (SD). By contrast, the 212 AGID-positive sera had ELISA OD values ranging from 0.094 to 1.176, with a mean OD value of 0.8085 ± 0.2448 SD. The distribution of these group B OD values was not normal ( W = 0.920; P = 0.001). Because the distribution of the ELISA OD value for the known negative sheep was normal, the cutoff value (detection limit) of the ELISA was defined as the mean value of the negative reference sera plus 5 times their standard deviation. Based on this definition, the upper OD limit for OPP-negative sera was determined to be 0.300 (0.0883 + 5[0.0423]). All of the individual AGID-negative reference serum OD values fell well below this cutoff. Using these conservative criteria to define the cutoff value, the recom-binant GST-TM ELISA yielded 5 false-negative and 0 false-positive results for the 226 positive and negative reference sera. Thus, comparing the ELISA to the AGID, which is the currently accepted and only licensed OPP diagnostic test in the USA, the ELISA had a relative sensitivity of 97.6% and a relative specificity of 100%. The overall diagnostic accuracy (concor- dance) of the ELISA, compared with the AGID test, was 97.8%.
Because an ELISA OD value was determined on each of 2 replicates per serum sample, the split sample reliability coefficient was calculated for both the AGIDnegative and AGID-positive groups as a measure of the random error of the ELISA procedure and of the precision of the OD values obtained. The reliability coefficient was 0.796 for the 14 AGID-negative reference sera and 0.968 for the AGID-positive samples. (this coefficient can range from 0 to 1, where 1 represents perfect reliability).
Discussion
Several authors have reported that the AGID test alone is not sufficient for OPP diagnosis, primarily because of a lack of sensitivity. 11, 19, 21 This lack of sensitivity is a consequence of poorly defined (low quality or low quantity) viral antigens and reagents that contain cellular proteins from tissue culture in conjunction with the inherent insensitivity of the AGID test compared with that of other serologic assays, such as the ELISA. Recently, recombinant gene expression products have been widely used and well documented in antiviral antibody detection. The large-scale produc-single recombinant TM antigen can be used successfully for the detection of most OPP virus-infected animals and it greatly improved the sensitivity and maintained maximal specificity for OPP diagnosis when applied to a flock of unknown OPP status (e.g., group B). Because OPP infection is ubiquitous in the US sheep population, the National Animal Disease Center's OPP-negative sheep flock sera (group C) was used to establish a baseline for the ELISA.
In group A sheep, AGID tests detected 5 serum samples that were negative in recombinant TM ELISA. These 5 sera were tested by GST-p25 Western blot assay and found to react positively with p25 of OPP virus. These results were consistent with previous data 14 and suggest these 5 sheep may have been in the early stages of infection and had insufficient antibody products to TM at this stage for TM ELISA detection.
In group B animals, the recombinant TM protein demonstrated much higher sensitivity than did the AGID test. The TM ELISA detected 26% more seropositivity than did the AGID test (35/100 vs. 9/100 serum samples).
The data presented here suggest that (1) the N'-terminal region of TM is highly immunogenic in OPP virus-infected sheep; 2) the recombinant TM can be tion of recombinant TM protein provides an econom-used for the generation of a specific ELISA for detecic, homogenous, and convenient source of immuno-tion of infection with OPP virus on a flock basis; 3) reactive antigen preparations. This recombinant TM the recombinant TM ELISA demonstrated increased protein was consistently detected by OPP virus-in-sensitivities and specificities compared with the AGID fected sheep sera on Western blot assays. 14 The ELISA as described in the present study, demonstrated that a test and 4) during early stages of infection, individual sheep may lack antibodies to TM of OPP; therefore, the addition of p25 antigen to the recombinant TM ELISA may be necessary for the detection of all potentially infected animals. 8.
